Two field strains of Ross River virus (RRV) which differed in virulence for laboratory mice were maintained without detectable change in virulence when passaged alternately in Aedes aegypti mosquitoes and newborn mice. No biological mechanism or selection pressure was identified to explain this suppression of the usual change to higher virulence observed when RRV is passed serially in infant mice. The maintenance of initial virulence by alternating passages appears to be related to the fact that A. aegypti can be infected only if fed on mice during the period of peak viraemia and that at this time a sub-population of higher virulence may not be present in high enough infectivity to be represented in the mosquito's blood meal.
INTRODUCTION
In common with other arboviruses, Ross River virus (RRV) is modified rapidly by passage in laboratory hosts. During serial passages of a field strain of RRV in day old laboratory mice, each of the first IO samples was more virulent than its predecessor, but no increase of virulence was detected beyond the tenth passage. On the other hand, passage in a line of monkey kidney cells (Vero) led to the attenuation of both original field and mouse brain passaged virus stocks (Taylor & Marshall, I975) .
It has been shown that strains of RRV from two regions of Australia have consistent minor antigenic differences and are distinct in virulence for laboratory mice. These characteristics have remained constant for at least 3 and I3 years (Gard, Marshall & Woodroofe, 1973) . In an attempt to stabilize laboratory-passaged RRV at original levels of virulence for laboratory mice, the effect of simulated natural cycles involving Aedes aegypti and laboratory mice was investigated.
METHODS
Viruses. The strains of Ross River virus used are defined in Table I . The Queensland strains are highly virulent at all passage levels for mice less than 3 weeks old, but the Nelson Bay strains required 2 or 3 passages in mice before they regularly kill all infected infant mice, and even after I6 passages they kill only about 5o ~ of infected 3 week old mice (Taylor & Marshall, I975) .
Assay of infectivity and estimation of virulence. Virus titrations in cell cultures and mice
were made from tenfold dilution series in gelatine-saline (GS) ( Graham & Jack, I958); plaque assays in cultures of Vero and BHK2I cells were equally sensitive to infection with RRV, and were used interchangeably. The following parameters were of value in comparing the virulence of different stocks: total infectivity (IDs0/ml or IDs0/g), infectivity based on clinical signs (CDs0/ml or CDso/g), lethal infectivity (LDs0/ml or LDs0/g), morbidity rate, mortality rate, and average survival time (AST). Details of the methods and the age allocation of mice are presented in the previous paper (Taylor & Marshall, I975) .
Mosquitoes. Aedes aegypti were used from a long established laboratory colony (Lam & Marshall, I968) . To infect mosquitoes orally with controlled virus doses, the virus was suspended in GS, mixed with an equal volume of heparinized normal rat's blood (Io international units (i.u.)/ml), and pipetted into a rat tail skin sac which was then exposed to starved mosquitoes. During serial transmission of RRV, mosquitoes were inoculated intrathoracically (Lam & Marshall, I968) using virus suspended in o'75 % bovine plasma albumin in phosphate-buffered saline (mosquito diluent, MD). All experimental mosquitoes were maintained with a Io % sucrose solution.
Alternating passage. Two original field strains of RRV were passed alternately in infant mice and female Aedes aegypti mosquitoes. Following the initial parenteral inoculation of mice, transmission was effected by allowing mosquitoes to engorge on immobilized infected infants at a time when substantial viraemia was anticipated. Then, after an extrinsic incubation period, infected mosquitoes were permitted to feed on a fresh litter of infant mice. On two occasions mechanical intervention was needed to overcome transmission failures. In one instance this was by s.c. inoculation of mice with mosquito material from the previous passage, while in the second, mosquitoes were inoculated intrathoracically with an infected mouse brain suspension.
Virus stocks were obtained as ~o % w/v emulsions of infected mouse brain (NB5o92) or mouse carcase (MRMt4389) in normal saline, or as pools of infected mosquitoes in MD.
RESULTS

Passage of RRV strains MRMI4389 and NB5o92 in alternating hosts
For strictly sequential transmission with MRMI4389 (the strain of RRV recovered in Queensland from human blood) it would have been necessary to infect mosquitoes with the field sample. However, the low infectivity of the blood made this impracticable and 8 infant mice were inoculated s.c. with the blood and exposed to mosquitoes 3 days later. Even though clinical signs were not apparent at this time, the results of Murphy et al. (I973) indicated the strong likelihood of a substantial viraemia. By day 5, three mice developed clinical signs of RRV infection (Mims et al. I973) and these died on day 7. Mosquitoes were held for I5 days before feeding on further mice, all of which died within 6 days but not before fresh mosquitoes were infected by feeding on the mice on day 3. Thus uninterrupted transmissions were continued through four passages in each host. Harvests were made at each passage.
In an earlier series with RRV strain NB5o92 extrinsic incubation periods of I8 to 27 days were employed and mice were used between the second and ninth days of infection. By inoculating infant mice with the field mosquito pool a fully alternating series was possible. Incorrect exposure times and lower peak viraemias probably accounted for two transmission failures, one from mice and the other from mosquitoes. Both were rectified by artificial means (see Methods and Table 3 ). In all, NB5o92 was passed five times in each host with harvests at each transmission. Undiluted human blood infected 3/8 mice. 
Virulence assessments on virus strains derived from alternating passages
The i.c. titration in day old mice of samples derived from the MRMt4389 passage series are shown in Table z . Although carcase stocks contained more virus than mosquito pools, at each passage level the three estimates of virus infectivity were equivalent. Morbidity and mortality were Ioo ~ throughout, a feature that discriminates original field strains from Queensland and Nelson Bay. Average survival times were not changed by passage.
As indicated above, the virulence of RRV strain NB5o92/field was lower than that of strain MRMI4389/field, in that only 86 ~ of day old mice were clinically infected and only 24 ~ died (Table 3) . Again, there was evidence that the original level of virulence for laboratory mice was maintained during alternating passage. Sub-clinical infections were found at the start and finish and morbidity rates were therefore frequently less than Ioo ~. Mortality rates were variable but did not exceed 5o ~.
Comparing these results with the increase in virulence seen to accompany direct passage of RRV in young mice (Taylor & Marshall, 1975) , it was apparent that the insertion of alternating passages in mosquitoes suppressed the emergence of a more virulent subpopulation. Even regarding mosquito passage as non-contributory with respect to selection an enhanced virulence might still have been expected. Its absence clearly implicated mosquito passage as a critical factor in retaining virulence at field levels.
Commencing with the argument that mosquitoes might exert a selection pressure opposed to that associated with mice, a series of experiments were undertaken to examine mosquitoes for a biological mechanism to explain the observed results.
Direct serial passage in mosquitoes
The initial passages in mosquitoes of RRV NB6o24 clones 62 and 64 (Taylor & Marshall, 1975) were made at terminal dilution by inoculating diminishing amounts of virus into groups of 25 mosquitoes using the intrathoracic route, and selecting an infected mosquito at the dilution end-point to initiate further passages. After 7 days extrinsic incubation, surviving mosquitoes were triturated individually and screened in cell cultures, allowing an indirect titration of each stock in mosquitoes. Comparative results indicated that mosquitoes infected by a parenteral route were no less sensitive to infection by these viruses than were BHK2I cell cultures or day old mice infected i.e. Each virus was passed four times further at the highest possible virus input; mosquitoes were always harvested after 7 days. During five mosquito passages the morbidity rate in day old mice of strains derived from clone 61 was IOO ~ and the mortality rate 2o to 5o ~. Similarly, strains derived from the more virulent clone 64 retained characteristic Ioo ~ morbidity and mortality (Taylor & Marshall, 1975) throughout 5 passages and showed no lengthening of AST. It was conchided that all of these virus strains derived by passage in mosquitoes were still of parental virulence.
Contrasting results were obtained when the highly virulent RRV strain NB6oz4/MBI/ MC 9 was passaged at high doses through mosquitoes (Table 4) -Although all week old mice were fatally infected, the z days difference in survival time between virus of the first and fifth passage levels was significant (o.oI > P > o.ooI). In two trials, in two-week old mice, virus from the first mosquito passage always produced IOO ~ morbidity but after five passages the rates were IOO ~ and 86 ~, indicating a low rate of sub-clinical infections. At the same time mean mortality declined from 93 ~ to 43 ~-The difference between pooled AST values for two-week old mice (2-8 days) was highly significant (P < o.oot). The decline in morbidity and mortality rates in three-week mice confirmed the attenuation of these RRV strains during mosquito passage.
When the highly virulent RRV strain T48/MB 12 was passed in mosquitoes without initial cloning it showed no decline of virulence. Assays of the first and fifth mosquito passage in two-and three-week old mice gave unchanged morbidity and mortality rates and no lengthening of AST. Of four virus strains passed five times in mosquitoes only one showed attenuation, thus precluding any claim that mosquitoes regularly exert an attenuating selection pressure to counter the enhancement of virulence seen during passage in mice.
Mosquito infectivity thresholds for RRV strains of distinct virulence
The examination of original Nelson Bay isolates of RRV revealed virus sub-populations with minor differences in virulence for mice (Taylor & Marshall, I975) . The infectivity thresholds in mosquitoes of clones of different virulence from such original isolates were determined to test whether differential selection in favour of avirulent viruses occurred at this point of the virus cycle.
Cloned RRV strains I, 62 and 64 (Table I ) differed slightly in their effects in mice, clone I was the least virulent and clone 64 the most virulent. Groups of mosquitoes were allowed to feed on serial tenfold dilutions of each virus in blood in biological membranes. Mosquitoes assayed in cell cultures immediately after engorgement contained quantities of virus in close agreement with estimates based on a blood meal of o.ooI ml.
After a 14-day extrinsic incubation period surviving mosquitoes were screened individually for virus in cell monolayers, and the mosquito IDs0 (oral)/ml was determined for each clone. These were compared with the infectivities of the same material in BHK2I cells and in i.c. inoculated day old mice. The log (p.f.u.) or log (mouse IDs0) required to infect 5o % of Aedes aegypti, per os, was 3"9 for clone I, 3"5 for clone 62 and 2.8 for clone 64. As the infectivity threshold for .4. aegypti is lowest for clone 64, the most virulent of the three strains, the apparent selection of attenuated RRV in this mosquito is not explained by the relative infectivities of strains of different virulence.
Viraemia in mice
The same three cloned RRV strains were used in an experiment to assess viraemia in newborn mice at levels sufficient to infect mosquitoes. Groups of day old mice were inoculated s.c. with ~o ~-° IDso of each strain, and two from each group were bled out daily. Titrations in BHK monolayers gave the higher viraemia of the two mouse bloods in each pool (Fig. I) . Based on a blood meal of o.ooi ml, the dose levels (IDs0 or p.f.u.) per ml of blood required to infect 50 ~o of Aedes aegypti mosquitoes by the oral route are Io ~' g for cloned strain I, io 6"5 for 62 and Io 5"8 for 64. These levels were reached or exceeded on the first 3 days in pairs of mice infected with cloned strains 62 and 64, and on only the second day for strain I. Thus differences in viraemia and persistence do not explain why a virus similar to or of higher virulence than the cloned RRV strain 64 fails to overgrow during alternating passage.
When separate virulence assays were made with the blood and carcase of a mouse inoculated with cloned RRV strain 64, these viruses could not be distinguished. Thus the virus in blood available for mosquito transmission did not differ in virulence from that in muscle, the main replication bed (Murphy et aL I973) .
Growth levels in mosquitoes
Although mosquito gut cells did not exclude RRV strains of high virulence, such viruses might be selected against in subsequent replication. To test this possibility, the growth of cloned RRV strains I, 62 and 64 was examined in the intact mosquito. To ensure the maximum infection rate, membrane feeding was employed using a twofold dilution of each stock in normal rats' blood. At various intervals until the third or fourth weeks of infection, mosquitoes were sampled singly or in pairs and individual assays carried out using Vero monolayers (Fig. 2) . No attempt was made to identify the sites of virus replication, but in intact mosquitoes no distinction between the growth rates and peak infectivities of the three strains could be made. Peak virus infectivities of lO 5 to Io 6 p.f.u./mosquito were reached in 4 to 6 days which declined to Io 3 to io 4 p.f.u./mosquito over the next two to three weeks. The absence of an initial virus ' eclipse' was probably due to high levels of residual virus in the blood meal.
Passage in mice at terminal dilutions
Relative to the viraemia in mice (Fig. I) , the dose required to infect 50 ~ ofAedes aegypti by the oral route was high 0o ~'s to IO 8* mouse IDsdo'ooI ml of blood). If differences in virulence were not great, it seemed possible that a mutant of higher virulence appearing during an intrinsic cycle established with a virus of lower virulence might not enter the circulation in sufficient concentration to ensure transmission. In effect the mosquitoes would sample only the virus sub-population present in the highest concentration, i.e. transmitting at a terminal dilution. Cloned RRV strains 62 and 64 were chosen to represent the types of viruses that might be involved, and preliminary studies indicated that when day old mice were inoculated simultaneously with IOH IDs0 clone 62 and lO 3"4 IDs0 clone 64, the latter virus did not achieve parity during the first 4 days of growth. However, this deduction could only be made by comparing mortality rates and AST values against controls prepared by inoculating known mixtures into mice of the same age.
The hypothesis of transmission of only the most abundant sub-population would be substantiated if it could be shown that direct serial transmission at terminal dilution in mice produced the same end result as alternating passage. Two experiments were carried out. In the first, cloned RRV strain 62 was passaged four times in mice at terminal dilution, harvesting a single carcase on the seventh day of infection from a litter in which most mice were not infected. When the derived strains of viruses were titrated i.c. in day old mice (Table 5) a rising virulence was detected as indicated by increases in mortality rate coupled with decreasing survival times. While no special significance attached to the tissue involved, it was not possible to prevent overgrowth by a more virulent virus when an extended replication period was allowed.
With cloned strain 62 optimum mosquito infection would be achieved during the first 3 days of viraemia. A second experiment was therefore undertaken, serially passing blood harvested on day 3 from a mouse infected at the terminal dilution of the previous passage. The results of titrations in day old mice with six different passage levels are given in Table 6 , together with the results of a control assay using virus passaged five times on the third day of infection but using blood from a mouse infected with a large dose of virus from the previous passage. The virulence did not increase during terminal dilution passage since mortality did not increase, or AST decrease. In contrast, passage with high virus input using the same day of harvest led to a profound alteration in virulence with mortality rising to IOO ~ and AST falling to about 4 days. It was concluded that passage at limit dilution, if IO'I --+0"6 2 6"0 6"0 I00 22 9"I -+0"9 3 6"t 6"I tO0 39 II'7_0"4 4 6"0 6"0 I00 8 I I'2__ I'3 5 5'4 5"4 I00 Z 9"0 6 5"8 5"8 IOO I2 I I'7_ 0"7 Control* 7"o Tot I oo IOO 4"3 -+ o" t * Blood harvested after 5 passages at 3 day intervals using high virus inputs. t Log (LDs0/ml) = 7"o.
carried out early in the course of the infection, produced the same end result as alternating passages in mice and mosquitoes.
DISCUSSION
Using simulated field cycles of alternate vertebrate and invertebrate hosts it was possible to arrest the rapid adaptation and associated increase in virulence of Ross River virus previously demonstrated in laboratory mice (Taylor & Marshall, I975) , so that after 8 and Io passages respectively, the stocks derived from field strains of RRV showed essentially the same virulence as the originals. The mechanism of this suppression was investigated by using cloned strains of known virulence derived from unadapted RRV. Clone strain 64 was the most virulent of these, and although still of relatively Iow virulence it had the potential to overgrow cloned strains I and 62 when passed serially in infant mice (Taylor & Marshall, I975) . In addition each of these cloned strains had the capacity to increase in mouse virulence when independently subjected to direct serial passage in that host (W. P. Taylor & I. D. Marshall, unpublished results) .
Direct serial passage in mosquitoes failed to attenuate either cloned strains 64 or 62, eliminating the most obvious explanation of the maintenance of the status quo; that of opposing selection pressures imposed alternately by mice and mosquitoes. Other stages in the virus life cycle were examined, such as mosquito infectivity thresholds, virus growth and distribution in mosquitoes, and viraemia in mice, but no evidence was found to suggest that cloned strain 64 was disadvantaged at any stage in mouse or mosquito. However, it became apparent that relatively high doses of RRV were required to infect Aedes aegypti during feeding, which implied that the mosquito became infected only with the virus sub-population present in the blood at highest concentration; in effect, the mosquito, if infected at the limit of infectivity and by very few virus particles, might be maintaining a terminal dilution series. Thus, if a virus transmission series was initiated with a virus suspension containing a large preponderance of avirulent virus components, and provided overgrowth by a minority of virulent components had not taken place at the time of mosquito feeding, then the virulence characteristics of the virus sample would not change with alternating passage.
Supporting evidence was obtained from two experiments. It was shown that when a small quantity of cloned strain 64 was inoculated into mice at the same time as a massive dose of cloned strain 62, cloned strain 64 did not overgrow during the period when peak viraemia existed and mosquito infection might be achieved. Further, it was possible to reproduce the effect of alternating passage in a system that did not employ mosquitoes by carrying out serial passage in mice using terminal dilutions of blood on the third day of infection. On the other hand, when passage was made with blood collected at three days using a high virus input a virulence adaptation was quickly obtained.
There have been several reports of unchanged virulence of arboviruses during passage in mosquitoes. Thus, Shaffer & Scherer (I97I) passaged three virulence variants of Venezuelan equine encephalomyelitis virus (VEE) six times in Aedes aegypti by intrathoracic inoculation, but did not detect changes. Hurlbut (I950 did not attenuate Japanese encephalitis virus during eight passages in Culex quinquefasciatus, or West Nile virus during seven passages in Culex univittatus (Hurlbut, I956) . These findings are in contrast to the frequent attenuation that occurs during passage in cultured mosquito cells (Peleg, I97I ; Singh, I971 ) .
The present experiments did not clearly differentiate the infective potential of virulence variants in the mosquito, and Mussgay & Suarez (I962) also failed to detect any difference in the replicative capacities of virulent and avirulent variants of VEE virus in mosquitoes. On the other hand Gaidamovich et al. (I97I) described clones of VEE virus that failed to establish infection in the salivary glands of mosquitoes, and Pattyn & de Vleesschauwer (I968) described a large plaque mutant of Middleberg virus with enhanced infectivity for mosquitoes.
Of the few available reports on alternating passage Gaidamovich et al. (197 I) found small, medium and large plaque variants of VEE virus during cycles in mice and Aedes aegypti, but the virulence of the variants was not examined. Foster, Jones & Leudke (I 968) produced a high incidence of typical bluetongue infections when a commercial vaccine strain was passed in alternating series through sheep and Culicoides variipennis, but did not comment on alterations in virulence, apart from reporting that unpassaged vaccine produced mild to typical cases.
Arbovirus variants are doubly screened in nature; to persist they must possess no selectional disadvantages in either their vertebrate or invertebrate hosts. While it now seems that vectors with moderately high infection thresholds can suppress the emergence of variants originating in the intrinsic cycle, the significance of this to field situations remains unknown. Standfast & Steen (I97O) have shown that a proven vector of RRV, Aedes vigilax, has a lower threshold of infection than Aedes aegypti, and it would be of considerable interest to attempt alternating passage with this vector, or indeed any other virus-vector combination in which mosquito infection is readily achieved.
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